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Abstract: Introduction: In the quest for sustainable energy solutions and environmental protection,
the management of end-of-life (EoL) batteries has emerged as a critical issue. Batteries, especially
lithium-ion batteries (LIBs), power a wide range of devices and are central to modern life. As society’s
reliance on batteries grows, there is an urgent need for sustainable battery recycling methods that
can efficiently recover valuable materials, minimize environmental impact, and support the circular
economy. Methods: A literature review was conducted to analyze the LIB market, the estimated return
volumes and state-of-the-art sorting and recycling processes. Furthermore, a manual dismantling
and input analysis was done for consumer LIB. Results: The current recycling processes operate for
individual cathode active material input only. However, there is no sorting process or application in
place to provide pre-sorted LIBs. This is why they need to be developed. X-ray transmission, X-ray
fluorescence and optical sorting in theory can be applied to differentiate LIBs by their cathode active
material. To support this hypothesis, further investigations need to be performed.
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1. Introduction

In the quest for sustainable energy solutions and the mitigation of environmental
impact, the end-of-life (EoL) management of spent batteries has become an increasingly
critical challenge. Batteries power a growing number of devices, from portable electronics
to electrical vehicles (EVs), and their adoption is central to our modern way of life. The
current and largest increase in demand for LIB to date is largely motivated by the mobility
transition. One factor is the European Green Deal, which commits EU member states to
achieving climate neutrality by 2050 [1]. To achieve these goals, many governments (such
as the Federal Republic of Germany) are focusing on a shift from an internal combustion
engine to an electric motor in the transportation sector. The production of LIBs requires
materials such as cobalt, graphite, lithium, manganese and nickel, with China controlling
most of the resources and European countries having limited mining capacity for these raw
materials [2]. As a result, Europe’s lack of security of supply for key raw materials, such as
lithium and cobalt, for the production of LIBs, and the environmental and social impacts of
the mining of these raw materials has led to an ambitious update of the European battery
legislation by the EU [3]. Moreover, with the growing reliance on batteries, comes the
need for sustainable battery recycling processes that can recover valuable materials, reduce
environmental impact and support the circular economy. Studies have shown that efficient
recycling of LIBs and the use of recycled materials in LIB production can reduce carbon
emissions up to 52% [4]. To incentivize recycling of LIBs, the updated EU Battery Directive
2023/1542 not only targets critical raw materials with increasing material recycling quotas
but also sets standards for recycled material content in the production of new LIBs [3].
The recycling processes required to meet these revised recycling targets currently use only
mono-batches of single, individual cathode active materials. However, there is currently
no label for the cathode active material (CAM) of each individual LIB cell and sorting is
only applied for individual battery types, such as LIB, Lead and Alkali Manganese. Further
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sorting by CAM is currently not applied. To determine necessary actions on EoL processes
and develop strategies to close gaps in today’s EoL process chains, the actual construction
and material composition of power tools, phones, laptops and light mobility battery packs
have been assessed. This paper further reviews state-of-the-art recycling processes for
consumer LIBs and discusses current research.

2. Legal Framework for the Recycling of Lithium-Ion Batteries in the EU

As part of the European Commission’s European Green Deal, a battery regulation was
enacted on 17 August 2023, amending battery legislation. The European Battery Regulation
regulates the sustainability, safety, labeling and information requirements for the marketing
and use of batteries and will apply in all member states from 18 February 2024 [3]. It
replaces the previous Battery Directive (2006/66/EC, last amended by Directive 2018/849).
The current European Battery Directive includes six types of batteries:

1. Portable batteries are sealed batteries that have a maximum weight of 5 kg and are
not specifically designed for industrial purposes [3].

2. General purpose portable batteries are batteries of the following types: 4.5 volt (3R12),
button cell, D, C, AA, AAA, AAAA, A23 and 9 volt (PP3). Another feature of general
purpose batteries is interoperability [3].

3. A new type of battery according to the Battery Ordinance is batteries for Light Means
of Transport (LMT), such as e-bikes or e-scooters [3]. These batteries are sealed and
weigh no more than 25 kg. LMT batteries are designed for the traction of wheeled
vehicles powered by an electric motor alone or by a muscle-motor combination.

4. Starting, lighting and ignition batteries (SLI, Batteries for Starting, Lighting and
Ignition) are designed to supply electrical energy for starting, lighting and ignition [3].
In practice, these are often lead-acid batteries.

5. A new type of battery, according to the Battery Ordinance, is electric vehicle batteries
(EV), which are used to supply electrical energy to the traction systems of hybrid
electric and battery electric vehicles [3]. This applies to vehicle classes L according to
Regulation (EU) No 168/2013 if the weight of the battery exceeds 25 kg and to vehicle
classes M, N and O according to Regulation (EU) No 2018/858.

6. Industrial batteries are batteries specially designed for industrial purposes. This
includes all batteries weighing more than 5 kg that are not LMT, traction or automotive
batteries [3].

The sustainability aspect of batteries is implemented through a number of measures, in-
cluding:

• Indication of the carbon footprint of the manufacturing process;
• Minimum requirements for durability and performance;
• Specification and mandatory use of recycled materials (see Table 1);
• Removability of batteries from electronic devices, such as mobile phones;
• Achieve recycling efficiencies for lithium-ion batteries from the current 50% to 65%

(by 31 December 2025) and 70% (by 31 December 2030), as well as material recycling
quotas for individual battery components.

Table 1. Recommended Recyclate Content and Recycling Requirements. Adapted from Ref. [3].

Recyclate Content Material Recycling Quotas

Approx. 2028 18 August 2031 31 December 2027 31 December 2031

[%] [%] [%] [%]

Cobalt 16 26 90 95

Nickel 6 15 90 98

Lithium 6 12 50 80

Copper n. a. n. a. 90 95
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The mandatory battery passport, which provides important information about ma-
terial composition (including anode and cathode material), disassembly and spare parts
suppliers, however, is only necessary to implement for batteries with a capacity of 2 kWh
or more [3]. The capacity of power tool LIBs (PT-LIBs) is mostly up to 100 Wh, and for
LMT-LIBs, it is up to 750 Wh. Therefore, it is not mandatory for all portable and general
purpose portable batteries as well as most LMT batteries.

The calculation of recycling efficiency is carried out in accordance with European
Regulation (EU) No. 493/2012 [5] and refers to the mass percentage recovered in relation
to the mass of the battery cell. This takes into account recycled cell components that are no
longer considered waste after their material recovery. In addition, the cell components from
the slag may also be taken into account, provided that the slag is sent to a material recycling
route other than landfill construction and backfilling. This regulation should continue
to be applied, but the European Commission should be empowered to supplement this
regulation [3].

In general, two kinds of batteries are available. Primary batteries cannot be recharged
after being discharged when secondary batteries (or accumulators) can be recharged and
discharged multiple times [6]. Furthermore, different battery technologies are currently
available. Table 2 shows an overview of current battery technologies divided by battery
type. Portable Batteries and General Purpose Portable Batteries can be summarized as
consumer batteries or 3C-Batteries, which include batteries for computers, communication
and consumers. These 3C-Batteries can be either primary or secondary. Since LMT-LIBs
do not operate with capacities of more than 2 kWh, they can also be included in 3C-LIBs
for this research. SLI batteries are mostly Pb batteries and are not further evaluated in
this paper.

Table 2. Different Battery Types. Adapted from Ref. [7].

Battery Type Identification Symbol Primary/Secondary

Alkali Manganese AlMn Primary + Secondary

Lead Acid Pb Secondary

Lithium Li Primary

Lithium Ion Li-Ion Secondary

Nickel Cadmium NiCd Secondary

Nickel Metal Hydride NiMH Secondary

Zinc Air Zn Air Primary + Secondary

3. Market Analysis Lithium-Ion Batteries

The demand for LIBs has grown steadily since their commercialization in the early
1990s. In the first phase, this was mainly driven by consumer electronics, such as digital
cameras, mobile phones and laptops [8]. Subsequently, the electrification of motor vehicles,
such as hybrid EVs and plug-in hybrid EVs, contributed to a further increase in demand [9].
In Germany alone, it is estimated that fifteen million private and commercial EVs (pEVs
and cEVs) will be needed by 2030 to meet climate targets [10]. In addition to the large,
expected increase in demand in the EV segment of between 25 and 50 percent per year,
demand increases of up to 15 to 20 percent can also be expected from the sales of cordless
household appliances, such as vacuum cleaners [11–13]. LIB represents half of the current
battery production market [14]. Pb batteries have always been a close second in terms of
annual revenue but still dominate the market with production capacity in MWh [15]. By
2030, however, the LIB will be responsible for double the market share of Pb batteries [14].
Other battery types, such as ZnMn, NiMH and NiCd batteries, only make up around 10%.
A performance review of one of the German collection schemes shows that approximately
88% of all marketed power tool batteries in 2022 were LIBs, with the others mainly being
AlMn, Zn and NiMH batteries [7]. Of the collected spent rechargeable batteries in 2022,
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54% were LIBs, 29% NiCd batteries and 17% NiMH batteries. With the current market
share of sold LIBs and the EU ban on NiCd batteries, it is expected that the market share
of collected spent LIBs will extend significantly over the next few years. While during
the introduction of LIBs, only lithium cobalt oxide (LCO) was used, various alternatives
have been developed over the last 30 years. In particular, the two cathode active materials,
lithium iron phosphate (LFP) and lithium nickel manganese cobalt oxide (NMC), have
established themselves with a cumulative market share of about 60 to 65% [15]. In EV
applications, lithium nickel cobalt aluminum oxide (NCA) is also used as a cathode active
material [16]. Figure 1 shows the global amount of LIBs available for recycling for the years
2021 to 2025. It shows that LCO up until 2025 is still the leading CAM in EoL-LIBs, with
LFP, NMC and NCA increasing their share. This can be explained by the increasing number
of xEV.
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Figure 1. Lithium-ion batteries (LIB) available for recycling globally: lithium cobalt oxide (LCO),
lithium iron phosphate (LFP), lithium manganese oxide (LMO), lithium nickel cobalt aluminum
oxide (NCA) and lithium nickel cobalt manganese oxide (NMC). Adapted from Ref. [17].

Leading LIB manufacturers are the Chinese companies CATL (approx. 37%) and BYD
(approx. 16%), followed by the South Korean company LG Energy Solutions (approx.
14%) [18]. Other companies include Panasonic, SK On, CALB, Sony and Samsung SDI.
CATL and BYD mostly produce EV-LIB [19], whereas LG, Panasonic, Sony and Samsung
were the manufacturers found in the mass balance study of PT-LIB and phone/laptop
LIB (HL-LIB). The evolution of demand is crucial for the evolution of the expected return
volumes of LIBs in the EU. Studies by the Fraunhofer Society indicate an average expected
lifetime of LIBs for LMT and 3C applications of about eight years and an average expected
lifetime for EV applications of about thirteen years [12,13]. Based solely on the assumption
of current demand trends, this would result in a 13-year delay in return volumes. However,
LIB cells age differently and not every LIB cell has reached the end of its theoretical
lifetime when being disposed. The lifetime of LIBs depends on the operating conditions,
the materials used, the composition of the electrolyte and the quality of the respective
manufacturing processes [20]. Figure 2 shows the average lifetime for some applications.
Energy storage systems (ESS) are designed for the highest number of charging cycles and
longevity, whereas the design of 3C-LIB is more focused on performance.

Schmaltz [11] incorporated the various factors into a prediction model for the expected
return quantities of LIBs and calculated the quantities accordingly (see Figure 3).
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In addition to the expected high volume of LIBs returned from the EV application, the
high volume of production waste is the main factor to be observed. This decreases from 2035
but remains the second largest material stream. While the relative share of the 3C material flow
is still about 50 percent of the total material flow in 2020, it decreases to less than 10 percent
by 2040. However, the development of the absolute return quantities of 3C-LIB is also of
considerable importance for the capacities of sorting and recycling facilities, with an increase
of more than 100 percent in 2030 compared to 2020 (approx. 41,600 t to approx. 18,000 t). This
indicates an increase in the return volume of 3C-LIBs by more than 200 percent. The current
recycling capacities in Europe are around 120,000 t/a [11,22], which indicates the need for
increasing capacity and innovative processes.

4. State-of-the-Art Recycling Processes for Lithium-Ion Batteries

The circular economy of LIBs consists of different phases, starting with the extraction
of raw materials, through production and the use phase for disposal, reprocessing, recycling
and the subsequent substitution of primary raw materials. In particular, the phases from
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disposal and collection to metallurgical processing into secondary raw materials play a
central role in the recycling of the LIBs. In general, the end-of-life processes for LIBs contain
most or all of the following process steps:

• Collection and sorting [23–27];
• Disassembly and discharge [28–30];
• Thermal deactivation [31–33];
• Mechanical processing [30,34–36];
• Metallurgical recycling [37,38].

This chapter presents the current state-of-the-art in sorting, processing and recycling
LIBs. The dismantling and discharging steps occur mainly in the recycling of LIBs from
electric mobility [28]. Depending on the recycling route, thermal deactivation of LIB cells is
also required [31].

4.1. Basics of Lithium-Ion Batteries

LIB cells consist of two electrodes (anode and cathode), an electrolyte and a separator.
The operation of an LIB cell is based on the principle of reversible lithium-ion intercalation
and de-intercalation during charging and discharging [39]. Between the electrodes is an
ion-conducting electrolyte containing a dissociated lithium-conducting salt, commonly
used is LiPF6. Other components of the electrolyte are organic carbonates, such as di-
ethyl carbonate, dimethyl carbonate and others [39]. A porous plastic film separates the
two electrodes from each other and acts as a membrane for lithium ions [20]. The cathode
of commercial LIB cells usually consists of a compound that can accept lithium ions, such as
transition metal oxides or polyanion compounds [40]. The most commonly used transition
metal oxides are the following [21,41–46]:

• Lithium cobalt oxide (LiCoO2, LCO),
• Lithium manganese oxide (LiMn2O4, LMO),
• Lithium nickel cobalt manganese oxide (LiNiXMnYCoZO2, NMC),
• Lithium nickel aluminum oxide (LiNi0.8Co0.15Al0.05O2, NCA).

Polyanion compounds include materials such as [21,44,47–49]:

• Lithium iron phosphate (LiFePO4, LFP),
• Lithium manganese phosphate (LiMnPO4, LMP),
• Lithium cobalt phosphate (LiCoPO4, LCP).

Aluminum foils are used as the current arrester for cathodes. In commercial use,
most anodes use graphite as the anode active material [50–52] and a thin copper foil as the
current arrester. Table 3 highlights some of the physical and electrochemical characteristics
of the most common CAMs.

Table 3. Different CAMs and Individual Characteristics. Adapted from Refs. [21,40,53].

Cathode Active Material NMC111 LFP LMO LCO NCA

Theoretical Density [g/cm3] 4.85 3.60 4.31 5.10 4.45

Electrode Potential [V] 3.6–3.7 3.2–3.3 4.0 3.7 3.6

Specific Capacity [mAh/g] 160 170 148 140 n.a.

Specific Energy [Wh/g] 0.576 0.495 0.592 0.518 n.a.

LIB are designed and built as individual cells. These cells are manufactured in various
formats, and a distinction is made between button, cylindrical, prismatic and pouch
cells [47,54]. Cylindrical cells are manufactured in different layers of anode, separator and
cathode, which are rolled around a pin to a so-called jelly roll [55]. The jelly roll is further
integrated into a steel shell, which is filled with the electrolyte, closed and welded [55].
Pouch cells are also manufactured with different layers of anode, separator and cathode
sheets. These are stacked on top of each other, inserted into the pouch foil, a very thin
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aluminum-polymer compound, before being filled with the electrolyte and closed [55].
Figure 4 shows the different cell formats and how they are assembled. For cylindrical
cells, the 18650 and 21700 cell formats, in particular, have become established [47]. The
4680 cell format is being discussed in particular by American car manufacturer Tesla and
will be used there in the future [56,57]. The 18650 cell format is used for portable batteries
in the consumer sector. The dimensions of this format are standardized by the American
National Standards Institute in the ANSI C18.1M standard [58], while the dimensions of
the prismatic and pouch cell formats for automotive applications are standardized by DIN
SPEC 91252 [54]. Pouch cells used in the consumer sector for products such as laptops,
tablets and phones are currently not subject to any standardization. Depending on the
application, several cells can be connected in series and/or in parallel in a module [20].
Modules use a battery management system (BMS) to manage individual cells. The BMS
determines the cell voltage and temperatures, monitors the current, and allows the battery
system to be switched on and off [20]. For EV batteries, several modules are connected to a
battery pack. Current trends also pursue the “cell-to-pack” approach, in which many cells
are directly interconnected into a battery pack [59].
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4.2. Collection and Sorting of Spent Batteries

Since the Battery Directive came into force in 1998, manufacturers and importers of
batteries have been required to take back and recycle spent batteries and accumulators
free of charge. The legislator provides so-called collection schemes for the return and
proper recycling [62]. There are various collection schemes in Germany and other European
countries, such as the following:

• Stiftung Gemeinsames Rücknahmesystem GRS-Batterien, today owned by Sauberma-
cher AG [63];

• REBAT or REBAT+ [64];
• DS Entsorgungs- und Dienstleistung GmbH, a subsidiary of the Landbell Group [65];
• Stibat B.V. [66].

In Germany, spent batteries as well as waste electrical appliances must be taken back
by every retailer according to § 9 BattG and § 17(1) 2. ElektroG2 [67,68]. For the individual
cells and battery packs, there are disposal boxes in which the consumer can separate the
used batteries into LIBs and others. Since a mixed waste battery fraction with different
chemical compositions cannot be recycled [62,69] and a sorted return by the consumer
cannot be guaranteed, sorting based on the chemical composition of the waste batteries
is necessary.

Sorting spent batteries according to their chemical composition can be done in different
ways. A distinction is made between mechanical, automatic and manual sorting [62].
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Mechanical sorting of individual, general purpose portable batteries is carried out, for
example, by sieving, where the spent batteries are sorted according to their size [70]. In
manual (or optical) sorting, batteries are sorted by humans based on visual characteristics,
such as type designation or manufacturer. Typical sorting speeds are around 300 kg of
batteries per person per hour [62]. Currently, every battery sorting facility in Europe
performs (partially) the manual sorting of battery cells or battery packs. Automatic sorting
of spent batteries according to their chemical composition (Li-ion, NiCd, NiMH, etc.) can
be done by sensor-based sorting. In practice, XRT sorting [70], VIS sorting and sorting by
weight sensors are used [71]. Currently, sorting is only done based on the battery type but
not further by CAM. Figure 5 shows state-of-the-art sorting concepts for EoL batteries. In
some research concepts, LIB cells have been further sorted into cobalt-rich and cobalt-poor
fractions, but good data on the results have not been published [72].

Metals 2024, 14, x FOR PEER REVIEW  8  of  24 
 

 

In Germany, spent batteries as well as waste electrical appliances must be taken back 

by every retailer according to § 9 BattG and § 17(1) 2. ElektroG2 [67,68]. For the individual 

cells and battery packs, there are disposal boxes in which the consumer can separate the 

used batteries  into LIBs and others. Since a mixed waste battery  fraction with different 

chemical compositions cannot be recycled  [62,69] and a sorted return by  the consumer 

cannot be guaranteed, sorting based on the chemical composition of the waste batteries is 

necessary.   

Sorting  spent  batteries  according  to  their  chemical  composition  can  be  done  in 

different ways. A distinction is made between mechanical, automatic and manual sorting 

[62]. Mechanical sorting of individual, general purpose portable batteries is carried out, 

for example, by sieving, where the spent batteries are sorted according to their size [70]. 

In  manual  (or  optical)  sorting,  batteries  are  sorted  by  humans  based  on  visual 

characteristics,  such  as  type  designation  or manufacturer.  Typical  sorting  speeds  are 

around  300  kg  of  batteries per person per hour  [62]. Currently,  every  battery  sorting 

facility in Europe performs (partially) the manual sorting of battery cells or battery packs. 

Automatic  sorting  of  spent  batteries  according  to  their  chemical  composition  (Li-ion, 

NiCd, NiMH, etc.) can be done by sensor-based sorting. In practice, XRT sorting [70], VIS 

sorting and sorting by weight sensors are used [71]. Currently, sorting is only done based 

on  the  battery  type  but  not  further  by CAM.  Figure  5  shows  state-of-the-art  sorting 

concepts for EoL batteries. In some research concepts, LIB cells have been further sorted 

into  cobalt-rich  and  cobalt-poor  fractions, but good data on  the  results have not been 

published [72]. 

 

Figure 5. State of the Art Battery Sorting Concepts (own illustration). 

4.3. Mechanical Treatment of Spent Lithium‐Ion Batteries   

After  collection  and  sorting,  LIBs  are  pre-treated  depending  on  the  subsequent 

mechanical  and metallurgical  processing  steps.  These  include  the  processes  of  deep 

discharging  [73–76], dismantling  [77] and  thermal pretreatment  [31]. Due  to  its mostly 

manual execution, the process of deep unloading is currently only carried out for EV-LIB 

[78]. 3C-LIBs are largely thermally deactivated [31] or crushed in a wet environment [79], 

in which case deep discharge is not necessary. Current developments in automated deep 

discharge are also carried out exclusively for EV applications [80]. LIBs in module, pack 

or cell format represent a composite material consisting of many different components. 

To  separate  them  for  subsequent material  recycling,  the  various plug-in, welded  and 

bonded  joints must  be  separated  from  each  other.  Size  reduction  has  been  a  proven 

method in other waste streams, including LIB recycling. Depending on the pre-treatment 

measures implemented for the LIB, the following forms of mechanical pulping are used: 

 Size reduction after thermal deactivation [81]; 

 Comminution in an inert gas atmosphere [82,83]; 

Figure 5. State of the Art Battery Sorting Concepts (own illustration).

4.3. Mechanical Treatment of Spent Lithium-Ion Batteries

After collection and sorting, LIBs are pre-treated depending on the subsequent me-
chanical and metallurgical processing steps. These include the processes of deep discharg-
ing [73–76], dismantling [77] and thermal pretreatment [31]. Due to its mostly manual
execution, the process of deep unloading is currently only carried out for EV-LIB [78].
3C-LIBs are largely thermally deactivated [31] or crushed in a wet environment [79], in
which case deep discharge is not necessary. Current developments in automated deep
discharge are also carried out exclusively for EV applications [80]. LIBs in module, pack or
cell format represent a composite material consisting of many different components. To
separate them for subsequent material recycling, the various plug-in, welded and bonded
joints must be separated from each other. Size reduction has been a proven method in
other waste streams, including LIB recycling. Depending on the pre-treatment measures
implemented for the LIB, the following forms of mechanical pulping are used:

• Size reduction after thermal deactivation [81];
• Comminution in an inert gas atmosphere [82,83];
• Wet grinding [79,83,84].

Depending on the pre-treatment and mechanical shredding, the (residual) electrolyte
components are removed from the shredder output. In the case of thermal deactivation
of the cells by means of pyrolysis, the electrolyte components are no longer present in
the material stream prior to shredding; thus, electrolyte removal is not necessary in this
case. Various processes have been investigated and developed for electrolyte removal after
mechanical comminution, such as extraction by thermal drying [85], solvent extraction [86]
and extraction by supercritical CO2 [87]. For further processing of the dry, non-organic
material stream, the various materials need to be separated from each other. As in the
processing of other waste streams, the aim is to sort the different materials as clean as
possible. LIBs consist of many different components, some of which have very fine and
complex structures and are therefore not easy to separate. An important sub-goal of material
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separation is the separation of the active materials for further metallurgical processing.
Due to the small particle size of the active materials, screening is used [88]. This is typically
used immediately after drying or (re)crushing. The separation and recovery of graphite
from the active material mixture is performed by selective flotation [89]. This common
process has been patented by Retriev Technologies [90] and the Warner Babcock Institute
for Green Chemistry [91], among others. For the separation of ferromagnetic materials,
a magnetic separator is usually used [92], as in other mechanical processing plants. The
further separation of the conductor foils (consisting of aluminum and copper) from the
less economically valuable separator foil, made from materials such as polyethylene or
polypropylene, can be performed using different technologies. On the one hand, zig
zag separators are used to exploit the density differences between the plastic and metal
components [30]. In a two-stage separation process, the heavy metal components, such
as housing parts, and then the light metal components, such as aluminum and copper
foils, can be separated from the plastics. In wet mechanical processes, float-sink separation
is another form of density separation to sort the metal and plastic components [79]. An
alternative is separation with an eddy current separator. Here, the non-ferrous metals are
induced by a rotating electromagnet and are thus separated from the non-magnetizable
particles, such as the separator films [51].

4.4. Metallurgical Recycling

Due to the physical and chemical properties of the active materials, such as the
small grain size, mechanical processes are not able to further separate the black mass
by material components. Metallurgical processes can be used for these processing steps.
Pyrometallurgy includes all processes aimed at recovering or refining metals at elevated
temperatures [93]. In practice, either an electric arc furnace (EAF) or a shaft furnace (SF) are
used to recycle EoL-LIB. These processes are part of extractive pyrometallurgy. Different
pre-treatment processes are required for the pyrometallurgical processing of LIBs in EAF
and SF. While only the black mass can be processed in EAF, whole LIB cells can also be
recycled in SF [93]. Both processes use controlled reduction as the separation process so that
the elements nickel, cobalt and copper end up in the metal phase and lithium, manganese,
titanium, silicon, aluminum and iron in the slag phase. In this way, recycling efficiencies of
around 60 percent can be achieved [93].

Hydrometallurgical recycling of LIBs primarily refers to the recovery of individual
valuable metals from cathode active materials. This usually involves a combination of
leaching and subsequent extraction processes. Leaching is a key step in the recovery
process. The aim of leaching is to bring the metals of the cathode active materials into
solution as ions. These can then be recovered via various extraction processes [94]. In
hydrometallurgical recycling, a distinction is made between two feed streams depending
on the pre-treatment. In the case of pyrometallurgical or thermal pre-treatment of the LIB or
active mass, the alloy of copper, nickel, cobalt and iron is brought into solution by leaching.
If no thermal pre-treatment is used, e.g., in the case of mechanical processing in an inert
atmosphere [95], the metallic components are leached and the insoluble components such
as graphite and, if applicable, binder are filtered off [96]. After leaching, the solution is
first cleaned by hydroxide precipitation. In this process, copper and aluminum impurities
are precipitated with the addition of, e.g., NaOH [97]. For the subsequent extraction of
precious metals from the solution, either further precipitation steps or solvent extraction are
used [98]. Chemical precipitation of precious metals results in the formation of insoluble
compounds through the addition of suitable precipitants [99–105]. Solvent extraction is
a process in which a two-phase system, usually consisting of an organic and an aqueous
phase, is introduced. Here, separation can be achieved by the unequal distribution of the
two phases, where solvent extraction agents with high selectivity are used after leaching
to separate specific transition metals from the leach solution [105–107]. The lithium then
remains in the solution and can be precipitated, e.g., as lithium carbonate, by adding
sodium carbonate [97].
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In addition to pyrometallurgy and hydrometallurgy, the direct recycling of the active
material is a third alternative. This process has been developed for the reuse of cathode
active material from LIB recycling in the production of new LIBs. The process basically
consists of two process steps: the recovery of electrode material from LIBs and the sub-
sequent rejuvenation of the recycled electrode material [107]. In this context, the process
of re-lithiation by the hydrothermal method, the electrochemical method and the direct
calcination method has been extensively researched [108,109]. Success on a laboratory scale
has already been achieved in various studies, but industrial implementation has not yet
taken place.

5. Discussion

Over the last few years, different recycling processes and strategies for LIBs have been
developed. This literature review showed processes on both the industrial and laboratory
levels. After reviewing the state-of-the-art technologies, the conclusion can be made that
process transitions in particular still lack necessary solutions. Therefore, the following
hypothesis for recycling strategies of spent PT-, HL- and LMT-LIBs can be enunciated.

Hypothesis 1. For technically feasible and economically feasible recycling of cathode active
materials, they must be separated and materially pure.

LFP and NMC cannot be processed together due to different precipitation limits [110].
Impurities, especially carbonates, copper and aluminum, have a negative impact on the
purity of the resynthesized active material [111]. Hydrometallurgical processing of mixed
cathode materials results in lower recoveries of individual elements, and in some cases,
elements such as iron or phosphate cannot be recovered at all [94]. LFP can be recovered
hydrometallurgically as the individual elements Fe, PO4 and Li, but this is not economically
viable. Therefore, LFP should be recovered by direct recycling [112]. Direct recycling
requires separate collection or sorting by cathode material.

Hypothesis 2. Automated sorting is only possible by battery chemistry at the cell level; optical
sorting of modules is only possible manually. Sorting by CAM does not currently take place.

Density-based sorting and separation by X-ray transmission (XRT) according to chem-
ical composition is currently only possible by battery type and only in AA and AAA sizes.
Current sorting concepts, such as the one used at Relux, require special mechanical pre-
sorting of the spent batteries to be able to distinguish between NiCd/NiMH and LIB by
XRT [70]. Current sorting systems for spent batteries, such as those from Relux Umwelt
GmbH, Redux GmbH and Bebat N.V., manually sort the battery packs from power tools or
light mobility equipment based on their battery chemistry [71]. Further processing steps in
the optical sorting of battery packs are carried out exclusively mechanically [62]. In some
cases, however, the type of designation on the packs is incorrect or may have been de-
stroyed, making it impossible to assign them unambiguously. In a Danish research project,
prompt gamma neutron activation analysis was used to sort modules into “cobalt-rich” and
“cobalt-poor”, but no data on the sorting result or on an economic and ecological evaluation
are available [72].

Hypothesis 3. A sorting system to separate LIBs by CAM is necessary only for 3C- and LMT-LIB.

While the total return volume for EV-LIBs is significantly higher than the return
volume for the 3C- and LMT-LIBs combined, the handling of the latter is a much more
difficult challenge than the handling of EV-LIBs. The total return volume in 2030 of
100,000 tons EV-LIBs in 2030 will result in just around 340,000 pEV battery packs [11,113].
For the same year, the 42,000 tons PT-LIBs will result in around 105,000,000 R-PT-LIB
battery packs in the EU alone (as shown in Figure 2) [11]. Due to the updated EU battery
directive, for all EV- and ESS-LIBs, a battery passport, including the chemical composition
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of the CAM, will be necessary after 2026 [114]. This battery passport, however, will not be
mandatory for all LIBs below a capacity of 2 kWh, which includes all 3C- and LMT-LIBs.

To develop the necessary sorting and recycling strategies for 3C- and LMT-LIBs, an
input analysis of the different types has been conducted. This analysis aims especially
towards possible automated sorting strategies by CAM.

6. Construction of Consumer Lithium-Ion Batteries

In general, LIBs are being divided into three different application classes: 3C-, in-
dustrial and EV-LIBs. 3C-LIBs are small battery cells, modules or packs being used, for
example, in power tools, laptops or smartphones, and can be classified into portable bat-
teries and general purpose batteries [114]. In this case, LMT-LIBs shall also be classified
into consumer batteries. PT-LIBs are usually compact and operate in the voltage range
up to 36 V. A distinction is made between applications for commercial use (up to 18 volts)
and applications for professional use (up to 36 volts) [115]. Basically, PT-LIBs consist of a
housing made of technical polymers (such as PA6), the cell pack, the screw connections,
and the peripherals consisting of printed circuit board, cables, etc.

For a representative study of the assembly of PT-LIBs, 79 PT-LIBs were dismantled and
balanced on three different days (19 June 2023, 27 June 2023, 13 July 2023, 29 November 2023)
at the Löhne (NRW) and Kuppenheim (Baden-Württemberg) sites of Relux Umwelt GmbH
and Circu Li-Ion GmbH. Figure 6 shows an exemplary, dismantled PT battery pack with
different materials used. The PT-LIB has been manually dismantled and sorted into
four categories:

• Casing (external and internal);
• Screws;
• Cells and;
• BMS.
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Figure 6. Structure of PT battery pack type TM 5INR19/65-2, voltage 18 V, capacity 4000 mAh, manu-
facturer: Robert Bosch Powertools GmbH, Leinfelden-Echterdingen, Germany (top left: overall view
of the module, top right: dismantled PA66 housing halves, bottom left: cell pack 10 × 3.6 18650 LIB,
bottom right: HDPE inner housing).

Of PT-LIBs, 82% contained either 4, 5, 8 or 10 individual 18650 cells with an average
weight of 44.79 g per cell. The median PT-LIB included 230 g of 18650 cells, which resulted
in 5.1 cells per battery pack (see Figure 7). The minimum number of cells in PT-LIBs was 4,
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with 50% containing either 4 or 5 cells. Overall, the number of cells used per pack varies a
lot more than in other pack components. This needs to be taken into account for further
sorting strategies. PT-LIBs are built with a polymer casing, most of the time also with inner
polymer housing for cell stability while moving. The used polymers are all engineering
polymers such as PA6, PA66, ABS, PC and HDPE. On average, there have been 4 steel
screws used per battery pack with an individual weight of approximately 1 g. The residual
material used is aluminum, copper cables, and printed circuit boards for the BMS. All, BMS,
polymer casing and screws are relatively similar in mass content over all analyzed packs.
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Figure 7. Material Composition Analysis of power tool battery packs (PT-LIBs).

LMT-LIBs are interconnected as battery packs from different cells. In practice, packs of
18650 or 21700 LIB cells are the most common, but packs of interconnected prismatic cells
are also found. Only pouch cells have not yet been used in light mobility applications. This
may be due to high mechanical stress and limited space. Figure 8 shows an example of a
battery pack using 18650 cells for an e-bike application. Five different LMT battery packs
have been manually disassembled and classified. Those are from the manufacturers TIER,
NINEBOT, BMZ and Derby Bike.
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Adapted from Ref. [116].

Figure 9 shows the material composition analysis for different LMT-LIBs. LMT-LIB
battery packs, similar to PT-LIB battery packs, also contain two different casings, inner and
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outer housing. The difference here is that LMT-LIB housing halves are mostly made of
aluminum, and only the inner housing is made of engineering polymers. For stability in
some LMT-LIB battery packs, silicone is being used. The median number of cells being
used in LMT-LIB battery packs is 40, with both cell formats, 21700 and 18650, being used.
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Figure 9. Material Composition Analysis of light means of transport battery packs (LMT-LIB).

Similar to PT-LIB packs, LMT-LIB packs have the largest variety in the number of
used cells per pack, which needs to be addressed when looking into different sorting
strategies. Also, the casing material varies in different LMT packs. HL-LIBs not only
have high performance requirements but also high geometric requirements due to their
installation in mobile devices. There has been a particular evolution in the design of LIBs
for laptops. When laptops were first introduced, LIBs were used in the form of modules
containing 18650 cells (see Figure 10a), whereas more recent models mainly used thin
pouch cells (see Figure 10b). LIBs for mobile phones and tablets have high geometric
requirements, especially in terms of cell thickness. Due to the similar designs and sizes
of today’s smartphones/cell phones, the declining mobile phone LIB has similar designs,
whereas the laptop LIB has a high geometric variance. In contrast to PT-LIBs, HL-LIBs have
lower power requirements and higher geometric requirements.
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Figure 10. Exemplary LIBs from smartphone, tablet and laptop usage: (a) spent laptop LIB cell type
TM00741, Acer Inc. (New Taipei City, China), cylindrical cell, voltage 11.1 V, capacity 4400 mAh;
(b) spent tablet LIB cell type SM-T230NW, Samsung (Suwon, Republic of Korea), pouch cell, voltage
3.65 V, capacity 3050 mAh.
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7. State-of-the-Art Sensor-Based Sorting Technologies

After analyzing the different 3C-LIBs and their material composition, a literature
review of different sensor-based sorting (SBS) technologies has been performed, to identify
possible state-of-the-art online sorting technologies for LIBs. SBS is an automatic sorting
process based on the evaluation of data collected by various sensors. In the circular
economy, SBS is used in many waste streams, such as paper, plastic, metals and glass. The
sensor sorting techniques relevant to battery sorting are explained below.

7.1. X-ray Transmission Technology

In X-ray transmission (XRT), X-rays are emitted at a defined wavelength by an X-ray
source [117]. These interact with the particle mass of the object as they radiate through
it [117]. Parts of the X-rays are absorbed by the particle mass. The degree of absorption
depends on various factors, such as material composition and material density [117–119].
The transmitted X-rays are measured, for example, by a two-line scintillator and displayed
as two-dimensional X-ray images on a gray scale [117,118,120,121]. In practice, XRT sorters
are mostly used for sorting heavy and light metals, e.g., aluminum and copper [120,122].
Such a sorting device usually consists of the following individual parts: X-ray emitter; X-ray
detector; hydraulic unit; and air pressure valve [119]. Figure 11 shows an example of such
an XRT sorting device. When sorting using XRT, the material is transported via a conveyor
belt or a vibrating feeder. The X-ray tube emits the radiation, and the object is scanned. The
transmitted radiation is then absorbed by the X-ray receiver (usually below the conveyor
belt) and output as a 2D density profile using an imaging processing algorithm. The
object can be classified on the basis of the X-ray image and—if desired—removed from the
material flow by a blast of compressed air.
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Figure 11. Schematic structure of an automatic X-ray transmission (XRT) sorting device: 1—X-ray
tube, 2—X-ray detector, 3—hydraulic unit, 4—air pressure valve. Green–Accept, Yellow–Reject.
Adapted from Ref. [119].

Using XRT sorting, objects can be recognized and sorted based on the density, shape,
size, contour and purity of the particles [121,123]. Limitations include the object size;
modern XRT sorting systems can recognize and sort objects up to a particle size of ap-
proximately 5 mm with corresponding parameters [123]. Current state-of-the-art XRT
sorting systems often use so-called “dual-energy systems” [119,123,124]. Here, X-rays are
emitted at two different energy levels (high and low energy measurement) to enable sorting
independent of the object density and exclusively according to atomic density [117,119,124].
Manufacturers of XRT sorting devices include the companies Tomra Sorting GmbH (Tomra
X-Tract), Steinert GmbH (Steinert XSS) and Allgaier Process Technology GmbH (Msort
X-Ray) [119,121,125–127].
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7.2. X-ray Fluorescence Technology

X-ray fluorescence analysis is used to characterize the elements of individual objects.
In this process, an object is irradiated with X-rays. If the energy of the incident radiation is
higher than the binding energy of the electrons on the orbital (ionization energy), electrons
are emitted [128]. The vacated space on the orbital is then taken by an electron on one of the
outer orbitals. The binding energy of the electrons on the outer orbitals is lower than that
on the inner orbitals, which releases energy that is emitted as so-called X-ray fluorescence
radiation (see Figure 12). This fluorescence radiation is characteristic for each element and
for each individual element transition [119].

Metals 2024, 14, x FOR PEER REVIEW  16  of  24 
 

 

7.2. X‐ray Fluorescence Technology 

X-ray fluorescence analysis is used to characterize the elements of individual objects. 

In this process, an object is irradiated with X-rays. If the energy of the incident radiation 

is  higher  than  the  binding  energy  of  the  electrons  on  the  orbital  (ionization  energy), 

electrons are emitted [128]. The vacated space on the orbital is then taken by an electron 

on one of the outer orbitals. The binding energy of the electrons on the outer orbitals is 

lower than that on the inner orbitals, which releases energy that is emitted as so-called X-

ray fluorescence radiation (see Figure 12). This fluorescence radiation is characteristic for 

each element and for each individual element transition [119]. 

 

Figure 12. Functional diagram of X-ray fluorescence analysis of the Bohr atomic model. Adapted 

from Ref. [129]. 

Element characterization based on X-ray fluorescence radiation can be carried out 

offline using X-ray fluorescence analysis (RFA) or online (XRF). XRF sorting is primarily 

used  in glass sorting or the sorting of non-ferrous metals [128]. Similar to XRT sorting, 

XRF sorting is carried out by irradiating the objects with X-rays, whereby in XRF sorting, 

the  wavelength  of  the  fluorescence  radiation  is  then  measured,  which  provides 

information about the chemical composition of the objects [118]. The analysis based on 

fluorescence radiation is only carried out on the surface of the objects and is therefore only 

of limited use for objects made of material composites [118,130]. 

7.3. Optical Sorting—Visual and Near‐Infrared 

In  addition  to X-ray  analysis,  optical  sorting  is  a  core  SBS  technology  for waste 

streams. Optical sorting uses the optical characteristics of the objects to be sorted, such as 

shape or color  [130]. A distinction  is made between  the  following  types of optical SBS 

[119,121,130,131]:   

 Detection and sorting of objects in the visible light spectrum according to shape and 

color (VIS);   

 Irradiation,  detection  and  analysis  of  reflected  radiation  in  the  near-infrared 

spectrum (NIR);   

 Recognition  and  sorting  of  objects  based  on  3D  shape  models  using  3D  laser 

triangulation (3D-LT). 

Figure 13 shows an example of the structure and mode of operation of an SBS system. 

Similar to XRT and XRF sorting, the objects are fed onto a conveyor belt, a vibrating feeder 

or  similar. The  objects  are  then detected  by  one  of  the  above-mentioned  sensors  and 

analyzed by the evaluation unit. Depending on the settings and setup, a compressed air 

valve is then opened, for example, to sort out the desired object. 

Figure 12. Functional diagram of X-ray fluorescence analysis of the Bohr atomic model. Adapted
from Ref. [129].

Element characterization based on X-ray fluorescence radiation can be carried out
offline using X-ray fluorescence analysis (RFA) or online (XRF). XRF sorting is primarily
used in glass sorting or the sorting of non-ferrous metals [128]. Similar to XRT sorting, XRF
sorting is carried out by irradiating the objects with X-rays, whereby in XRF sorting, the
wavelength of the fluorescence radiation is then measured, which provides information
about the chemical composition of the objects [118]. The analysis based on fluorescence
radiation is only carried out on the surface of the objects and is therefore only of limited
use for objects made of material composites [118,130].

7.3. Optical Sorting—Visual and Near-Infrared

In addition to X-ray analysis, optical sorting is a core SBS technology for waste streams.
Optical sorting uses the optical characteristics of the objects to be sorted, such as shape or
color [130]. A distinction is made between the following types of optical SBS [119,121,130,131]:

• Detection and sorting of objects in the visible light spectrum according to shape and
color (VIS);

• Irradiation, detection and analysis of reflected radiation in the near-infrared spec-
trum (NIR);

• Recognition and sorting of objects based on 3D shape models using 3D laser triangula-
tion (3D-LT).

Figure 13 shows an example of the structure and mode of operation of an SBS system.
Similar to XRT and XRF sorting, the objects are fed onto a conveyor belt, a vibrating
feeder or similar. The objects are then detected by one of the above-mentioned sensors and
analyzed by the evaluation unit. Depending on the settings and setup, a compressed air
valve is then opened, for example, to sort out the desired object.

In optical color sorting, objects are differentiated based on their color, transparency
and brightness in the visible light spectrum [130]. Color sorting is a surface-intensive
analysis and sorting process, which is why coated objects (similar to XRF sorting) cannot be
identified [121]. A high contrast between the objects and the background helps to optimize
the detection and differentiation of the individual objects, e.g., black objects on a black
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conveyor belt are not detected [132]. However, visual camera systems (RGB) can only detect
a 2D profile of the objects; 3D-LT can also be used to determine the surface of an object
and thus its exact shape [133]. NIR sorting uses the near-infrared spectrum to identify the
element-specific characteristics of the object surface [119]. Here, the objects are irradiated
and the reflected radiation in the near-infrared spectrum is recorded via a detection unit
and analyzed accordingly via an evaluation unit [130].
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7.4. Prompt Gamma Neutron Activation Analysis

Prompt gamma neutron activation analysis (PGNAA) uses the neutron beam gener-
ated by a neutron source to irradiate the nucleus of various elements in a sample [119]. The
irradiated element produces a neutron-receiving reaction, which radiates back as gamma
radiation [119]. Californium-252 or americium beryllium are usually used as the neutron
source [134]. The advantage of PGNAA is its high accuracy [119] and continuous measure-
ment over the entire production cross-section [134]. In practice, PGNAA is mainly used for
process control in the mineral sector [134].

8. Sorting Strategies for Spent Consumer Lithium-Ion Batteries by Cathode
Active Material

This paper reviewed state-of-the-art sorting and recycling processes for LIBs. To
achieve the high recovery targets within these processes, a pre-sorting system by CAM
needs to be developed. A pre-sorting system by CAM needs only be developed for LIBs
below a capacity of 2 kWh. For this size, different cells, modules and packs have been
identified, especially 3C- and LMT-LIBs. LIBs can be differentiated by optical, physical
or chemical features. Optical features can include brand and size. Physical and chemical
features are not only the element composition but also atomic/material density and cell
voltage (see Table 2). Based on the SBS described and reviewed in Section 7, a classification
by CAM should be able for 3C-LIBs as follows:

Cylindrical cells, in particular 18650 cells, can be sorted optically via serial number
and/or cell voltage. Often, one or both of these are printed on the cell casing or the
sleeve around it. To have an online sorting system in operation, a database with necessary
information needs to be in place and continuously updated. A challenge for the optical
sorting of spent cylindrical cells is the condition of the cells. Cells in a bad condition
or with missing serial number/cell voltage, may not be able to be identified via optical
sensors. Cylindrical cells should be sorted via XRT based on their atomic density. Table 2
presents the different theoretical densities for each of the five major CAM. The cells were
then analyzed and differentiated via a gray scale model, as explained in Section 7.1. Since
the cell casing of cylindrical cells is made out of a thick layer of steel or aluminum, XRF
technology is not applicable to identify the element composition of the CAM, it would



Metals 2024, 14, 151 17 of 23

only identify the casing’s elemental composition. An identification with PGNAA could be
possible, however there is yet missing data to support the hypothesis.

Similar to individual cylindrical cells, PT-LIB can be sorted optically via serial number
and/or cell voltage. Often, one or both of these are printed on the pack casing. To have
an online sorting system in operation, a database with necessary information needs to be
in place and continuously updated. A challenge for the optical sorting of spent PT-LIBs
is the condition of the packs. Packs in bad condition or with missing serial number/cell
voltage, may not be able to be identified via optical sensors. Furthermore, optical sorting
is often carried out on a conveyor belt, where one side of the PT-LIB would be unable to
be identified via camera systems. PT-LIBs should also be able to be sorted via XRT based
on their atomic density. Since cylindrical cells are used in PT-LIBs, XRF technology is not
applicable for identifying the element composition of CAM. An identification with PGNAA
may not be possible due to the thick plastic casing around the individual cells.

HL-LIBs can also be sorted optically via serial number and/or cell voltage. Often,
one or both of these are printed on the cell casing or sleeve around it. To have an online
sorting system in operation, a database with necessary information needs to be in place
and continuously updated. For optical sorting, similar challenges regarding the recognition
of relevant information as in cylindrical cells and PT-LIBs can be expected. A density-based
sorting system via XRT may also be applicable for HL-LIBs and pouch cells. Since pouch
cells only use thin cell envelopes made of aluminum-polymer compounds, XRF technology
should also be applicable. Here, the X-ray radiation can radiate through the thin layer of
the aluminum-polymer compound and reflect the specific fluorescent radiation of the black
mass. An identification with PGNAA may be possible; however, there are yet missing data
to support the hypothesis.

A sorting system for LIBs by CAM is necessary and should be possible based on the
literature reviewed. However, there are yet data to be collected to support the hypotheses.
Further research needs to be done to develop classification and decision-making parameters
to engineer a sorting system for LIB by CAM.

9. Summary and Outlook

Increasing demand for LIBs in Europe and worldwide will result in an exponential
growth in returned spent LIBs over the next 15 to 25 years. The updated EU battery
directive requires higher material recovery rates for materials, such as lithium, cobalt,
nickel, manganese and copper. Also, mandatory recycling material content in production
is introduced. State-of-the-Art EoL strategies for spent LIBs use collection systems to
accumulate spent batteries and sort them by battery type (AlMn, NiMH, LIB, etc.). These
sorting systems mostly use manual and semi-automatic processes. A mixed LIB waste
stream, not separated by CAM, enters a thermal deactivation process before the mechanical
pre-treatment processes. In this pre-treatment, different mechanical separation technologies
(such as shredders, screens and zig zag separators) are used. The produced black mass is
further hydro- or pyrometallurgically treated to recover valuable materials, such as cobalt,
nickel and copper. To achieve the high recycling targets in the EU battery directive, a CAM
pre-sorting system needs to be implemented. This paper reviewed state-of-the-art processes
and three distinct hypotheses have been identified:

• For technically feasible and economically feasible recycling of cathode active materials,
they must be separated and materially pure.

• Automated sorting is only possible by battery chemistry at cell level; optical sorting of
modules is only possible manually. Sorting by CAM does not currently take place.

• A sorting system to separate LIBs by CAM is necessary only for 3C- and LMT-LIBs.

To develop sorting strategies for spent 3C- and LMT-LIBs, 79 PT- and 5 LMT-LIB
packs have been manually disassembled and analyzed. Furthermore, state-of-the-art SBS
technologies have been discussed and possible sorting strategies for each cell/pack type
have been presented. XRT, XRF, PGNAA and optical sorting systems have been presented.
The following SBS technologies have been identified:
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• XRT for Cylindrical Cells, PT-LIB, LMT-LIB and Pouch Cells;
• XRF for Pouch Cells;
• VIS for Cylindrical Cells, PT-LIB and Pouch Cells.

To evaluate these possible sorting strategies, further research needs to be conducted.
Next steps should include feasibility studies on whether, with the use of the described SBS
technologies, a distinction between the different CAMs used can be made.
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